The photoautotrophic Synechocystis sp. PCC 6803 (hereafter Synechocystis) is known for its a-polyglucan (glycogen) synthesis to serve as a carbon storage compound. In this study, the glgC-and glgA-overexpressing Synechocystis strain with the disruption of polyhydroxybutyrate (PHB) synthesis (~GCAX-ÁBK) showed an increased glycogen production. This engineered strain had a high glycogen content of 38.3% (g g -1 dry cell weight) as compared with 27.4% in the phaA knockout strain (ÁBK) and 34.8% in the glgC/glgA-overexpressing strain (~GCAX) after 20 d growth. Under nitrogendeprived growth conditions for 3 d, the~GCAX-ÁBK strain showed a further increase in glycogen content from 27.0% to 36.0%. Furthermore, the engineered strains grown under ionic, osmotic or oxidative stress conditions had an increase of glycogen accumulation, whereas no increase was observed in the wild type. The maximum glycogen content was 54.0% in the~GCAX-ÁBK strain treated with 3 mM H 2 O 2 . The overall results indicated that in the absence of PHB synthesis, Synechocystis cells redirected the carbon flow towards the synthesis of glycogen as an alternative physiological responsive compound especially under stress conditions.
Introduction
The production of biofuel from non-edible resources is an important concern to meet the challenges posed by fossil fuels (Blanch 2012 , Li et al. 2014 ). Cyanobacteria are considered as an effective non-edible resource which have recently been applied in various strategies for biofuel production through molecular and biochemical engineering approaches (Gao et al. 2012, Velmurugan and Incharoensakdi 2016) . The utilization of polysaccharide-enriched cyanobacteria for biofuel production has numerous advantages over plant biomass such as simple nutrient requirement, higher production rate, higher carbohydrate contents, amorphous polysaccharide and lower phenolic contents (Blanch 2012) . Cyanobacteria are genetically diverse organisms that have evolved the ability to persist and grow under a variety of environmental conditions in the presence of light and simple inorganic nutrients (Incharoensakdi and Waditee-Sirisattha 2013) . Synechocystis accumulates various polymers, such as glycogen and to a lesser extent polyhydroxybutyrate (PHB), to provide energy and precursors for cellular maintenance in the absence of light (Monshupanee and Incharoensakdi 2014) . In this context, the nitrogen, carbon and light/dark cycles are the most influential factors for the storage of glycogen (Damrow et al. 2016) . The synthesis of glycogen in cyanobacteria starts with the formation of ADPglucose from glucose-1-phosphate and ATP, catalyzed by ADPglucose pyrophosphorylase (AGPase), a major rate-controlling step of glycogen synthesis (Ball and Morell 2003) . The glucose moiety of ADP-glucose is transferred to the non-reducing end of a linear a-1-4 glucan primer, which is catalyzed by glycogen synthase. Glycogen enables the cells to cope with transient starvation conditions that may result in a significant loss of viability in glycogen-deficient strains (Preiss 1984) . In several microorganisms, glycogen plays a major role in survival under adverse conditions. It has been reported that the stored glycogen provides the reductant for respiration as well as nitrogenase activity in Anabaena variabilis (Ernst et al. 1984) . Several studies have associated bacterial glycogen metabolism with environmentally adaptive survival, symbiotic performance, colonization and virulence, but the exact roles of the polymer may differ from strain to strain (Wilson et al. 2010) . The glycogen accumulation has been improved by depletion of the nitrate source in Arthrospira platensis (Aikawa et al. 2012) , salt stress conditions (Page-Sharp et al. 1998) , deletion of the apcE gene responsible for light harvesting (Joseph et al. 2014) , and nutrient modifications (Hickman et al. 2013 ). On the other hand, the significant role of glycogen synthesis with respect to various functions of cyanobacteria was reported using strains engineered in the glycogen synthesis pathway (Suzuki et al. 2010) . The deletion of the glycogen synthesis pathway in cyanobacteria caused a reduction in the growth rate and stress resistance (Suzuki et al. 2010) , impaired metabolic pathways (Carrieri et al. 2015) and induced the overflow of metabolites (Davies et al. 2014) . Thus, the reports indicate that glycogen synthesis is a required component of the global response to various metabolic and environmental conditions. Recently, Damrow et al. (2016) analyzed the effect of nitrogen and phosphate depletion on glycogen and PHB accumulation and their stress responses. The glycogen accumulation is also a crucial factor for both phycobilisome degradation and assembly of the thylakoid membrane in the presence of light, whereas PHB is associated with tolerance to various environmental stresses (Collier and Grossman 1992, Liberton et al. 2011) . However, the stress responses of glycogen synthesis in the absence of PHB have not been reported.
In this study, Synechocystis was engineered with endogenous AGPase and glycogen synthase, while the targeted dysfunction of PHB synthesis was performed by disruption of the enzyme, PHA-specific b-ketothiolase ( Supplementary Fig. S1 ). The transcription level of glgC and glgA genes in engineered strains was investigated by reverse transcription-PCR (RT-PCR), whereas the alteration in metabolite levels in engineered strains was monitored systematically by HPLC analysis. Moreover, to analyze the abiotic stress responses of engineered strains, various ionic, osmotic and oxidative stress conditions were evaluated with respect to biomass and glycogen content.
Results and Discussion

Physiological characteristics of engineered Synechocystis
The wild type and engineered strains (ÁBK,~GCX,~GCAX and~GCAX-ÁBK) were grown under photosynthetic conditions. All the strains showed an increase in biomass concentration with increasing time, in which the overexpressing strain showed higher biomass content compared with the wild type (Fig. 1A) . In contrast, the phaA knockout strain showed similar biomass to the wild type, indicating that PHB knockout has no significant role in the growth of Synechocystis, which is in agreement with the findings of a previous study (Damrow et al. 2016 ). The Chl a content was lower in the glycogen synthesis pathway-(~GCX,~GCAX and~GCAX-ÁBK) overexpressing strains when compared with the wild type and phaA knockout strain (Fig. 1B) . On the other hand, the oxygen evolution rate was high in overexpressing strains, in which the glycogen synthesis-overexpressing strain carrying a PHB synthesis knockout (~GCAX-ÁBK) showed the highest oxygen evolution rate of 366 mmol O 2 mg -1 Chl a h -1 (Fig. 1C) after 10 d of cultivation. Although the Chl a content was comparatively low in~GCAX-ÁBK, the higher oxygen evolution rate enhanced the overall biomass concentration.
Intracellular metabolites in engineered Synechocystis
The intracellular glycogen and PHB, glucose and organic acids in Synechocystis were analyzed to monitor the changes in metabolism among the engineered strains (Fig. 2) . Synechocystis is known to produce various organic acids. Acetate, a precursor of PHB synthesis, was analyzed and succinate was measured to monitor the flow of carbon from the PHB knockout pathway towards the citric acid cycle, since succinate is converted from succinic semialdehyde, which is the metabolite in the recently discovered shunt pathway to complete the citric acid cycle (Zhang and Bryant 2011) . After 20 d growth, the wild type contained 24.1% [g g -1 dry cell weight (DCW)] glycogen which was increased to 27.4% in the phaA knockout strain, 29.7% in the glgC-overexpressing strain (~GCX) and 34.8% in the glgC/glgAoverexpressing strain (~GCAX) (Fig. 2A) . The highest glycogen content of 38.3% was observed in the glgC/glgA-overexpressing strain containing the phaA knockout (~GCAX-ÁBK). The time course of glycogen synthesis was analyzed for wildtype and engineered Synechocystis, and the results showed that the maximum glycogen content of 40.4% can be obtained in the~GCAX-ÁBK strain at 25 d; however, the relatively unchanged biomass levels after 20 d indicated little improvement in glycogen production after 20 d (Fig. 3) . In the phaA knockout strain (ÁBK), PHB production was completely abolished, which indicates the inactivation of the PHB synthesis pathway (Fig. 2B) . Most of the carbon proportions were rapidly released as metabolites (Fig. 4) . Moreover, the glycogen synthesis-overexpressing strains showed little or no effect on the PHB content (Fig. 2B) , which suggests that PHB synthesis is independent of glycogen synthesis.
The metabolite analysis showed that a drop in intracellular glucose content occurred when glycogen synthesis was overexpressed, and the lowest glucose content observed was 5.4 mg g -1 DCW (Fig. 4A) . In the PHB synthesis knockout strain, the glucose (8.3 mg g -1 ), acetate (9.4 mg g -1
) and succinate (8.3 mg g -1 ) contents were high compared with that in the wild type, which may reflect the redirection of carbon sources from the PHB pathway to the acetate and citrate cycle. In contrast, the PHB synthesis knockout strain with overexpression of glycogen synthesis (~GCAX-ÁBK) showed the lowest intracellular glucose (5.4 mg g 
Extracellular metabolites of engineered Synechocystis
The extracellular concentrations of glucose, acetate and succinate were analyzed to observe the flow of metabolites and product excretion. The discharge of metabolites such as glucose and organic acids into the extracellular medium is a well reported phenomenon (Bertillson et al. 2005 ) and the release of excess carbon compounds is known as an overflow of metabolism (Russell 2007) . The wild-type strain produced glucose, acetate and succinate concentrations of about 265, 583 and 101.5 mg l 1.3 and 1.7-fold higher production rates, respectively. Compared with the wild type, the overexpressing strains (~GCX and~GCAX) released a lower quantity of glucose into the extracellular medium, whereas the knockout strain (ÁBK) produced the highest amount of extracellular acetate and succinate, which might be partly due to the possibility that the cells were more exposed to the light with better aeration since the cell density was comparatively lower in ÁBK. The reduced glucose and acetate concentration in overexpressing strains suggested the utilization of most of the carbon sources for glycogen accumulation. Synechocystis is able to release and take up the glucose molecule through a specific transport system, whereas the permeation of organic acids is still unclear (Schmetterer 1990) . However, it is certainly not a reflection of general cell leakage since the highly abundant free amino acid glutamate was not observed in the extracellular medium (Eisenhut et al. 2008) . Alternatively, cellular excretion and intake of organic acids is possible by the changes of internal pH (Seol and Shatkin 1992) . The glycogen synthesis-overexpressing strain carrying PHB synthesis knockout released the lowest amount of glucose (Fig. 4B) , which indicates the utilization of most of the glucose for glycogen accumulation.
Transcript level of genes involved in glycogen synthesis pathway
The transcript levels of genes involved in the glycogen synthesis pathway (glgC and glgA) were analyzed for the wild type and engineered (~GCX,~GCAX, ÁBK and~GCAX-ÁBK) strains (Fig. 5 ). Compared with the transcript level of glgC in the wild type,~GCX and~GCAX but not ÁBK strains showed higher expression, and further improvement in the glgC transcript level was detected in~GCAX-ÁBK which demonstrates the improvement of glucose-1-phosphate adenylyltransferase synthesis in the absence of PHB synthesis (Fig. 5A) . On the other hand, the presence of glgC together with glgA (~GCAX) up-regulated glgA expression further by about 1.4-fold (Fig. 5B ). However, the expression level of glgA in the PHB synthesis knockout engineered strain (ÁBK) was slightly improved.
Effect of nitrogen depletion on glycogen synthesis
The enhanced accumulation of glycogen in cyanobacteria such as Anabaena variabilis, Anacystis nidulans, Spirulina maxima, Spirulina platensis and Synechocystis sp. PCC 6803 has been documented under nitrate deficiency (Lehmann and Wober 1976 , Ernst and Boger 1985 , Philippis et al. 1992 , Aoyama et al. 1997 , Monshupanee and Incharoensakdi 2014 . To understand the molecular mechanism underlying the accumulation of glycogen under nitrogen starvation, especially during the stationary phase, the characterization of biochemical and physiological features of the wild type and engineered strains was performed. The biomass content was higher in the glycogen pathway engineered strains, whereas the biomass was reduced in the PHB knockout strain. Under N deprivation conditions for 3 d, irrespective of engineering, the cells showed a lower biomass when compared with 13 d continuous growth with nitrogen supplementation (control) (Fig. 6A) . It is reported that nitrogen depletion can induce degradation of phycobilisomes and sequential metabolic changes leading to reduction in the growth of Synechocystis (Richaud et al. 2001 , Hauf et al. 2013 . Unlike biomass, the glycogen content was increased in all the cells under nitrogen deprivation conditions (Fig. 6B) . The maximum glycogen content was observed in the glycogen synthesis-overexpressing strain containing the PHB knockout, in which the glycogen content was increased from 27% to 36% when the 10 d culture was grown for a further 3 d under nitrogen deprivation. On the other hand, the Chl a content was reduced in wild-type, knockout and overexpressing strains. Under N deprivation condition, the cells utilize the storage form of nitrogen for the synthesis of new polypeptides. As a response to N deprivation, the cells first rely on utilizing phycocyanin (Richaud et al. 2001 , Hauf et al. 2013 followed by the gradual reduction in Chl a content. As a result of reduced Chl a and phycobilisomes, the cells become partially depigmented and remain in a dormant-like state from which they are able to reinitiate growth under N supplementation within a few days. The effect of nitrogen starvation on the abundance of pigment molecules has been reported in several cyanobacteria such as A. cylindrica (Foulds and Carr 1977) , A. nidulans (Allen and Smith 1969) , Synechococcus sp. (Yamanaka and Glazer 1980) and Synechocystis sp. PCC 6803 (Elmorjani and Herdman 1987) . Although the Chl a content was reduced in engineered strains, the glycogen content considerably increased in overexpressing (~GCAX) and knockout strains (ÁBK).
Effect of the light/dark cycle on glycogen synthesis
The light/dark cycle presents a strong metabolic valve for photosynthetic organisms, in which the storage polymers are acting as an energy carrier. Glycogen is a major storage polymer in Synechocystis sp. which is synthesized mainly during the stationary phase (Monshupanee and Incharoensakdi 2014) . In this context, we examined the influence of the light/dark cycle on biomass production, glycogen accumulation and Chl a content after 10 d of incubation (Fig. 7) . The wild type and engineered strains showed the highest growth rate in continuous light compared with those in the light/dark cycles (Fig. 7A) .
Among the strains, the overexpressing strains (~GCAX and GCAX-ÁBK) showed higher biomass under light/dark conditions, which indicates the utilization of glycogen for cellular maintenance and growth (Fig. 7B) . Similar to the biomass concentration, the glycogen content was also lower in the wild type,~GCX and ÁBK under light/dark cycles when compared with that under continuous light (control). However, the double overexpressing strains (~GCAX and~GCAX-ÁBK) showed no changes in the quantity of glycogen under both conditions (Fig. 7B) . As can be seen from Fig. 7C , the Chl a content was not significantly different in both conditions. Together, the resumption of growth and unaltered glycogen and Chl a contents in overexpressing strains under the light/ dark cycle support the contention that the engineered strains use an active mechanism to cope with the metabolic changes during light/dark cycles.
Abiotic stress-induced accumulation of glycogen in the wild type and engineered strains
In cyanobacteria, glycogen is produced as a carbon reservoir inside the cell to recoup the energy under dark conditions. In addition to this storage function, glycogen is also accumulated around the thylakoid membrane to act against reactive oxygen species which are produced under stress conditions (Liberton et al. 2011) . As the main purpose of this study was to improve glycogen accumulation, the effect of stress conditions on glycogen accumulation has been investigated in the presence/absence of PHB in glycogen synthesis pathway engineered strains, where the PHB is another component which acts as an electron sink (Stal 1992 , Damrow et al. 2016 . Various environmental stress conditions have already been reported for the induction of reactive oxygen species in cyanobacteria (Chokshi et al. 2015) . However, this is the first report of abiotic stressinduced accumulation of glycogen in the absence of PHB. In this study, the effects of ionic (NaCl), non-ionic osmotic (sorbitol) and oxidative (H 2 O 2 ) stress conditions on growth and glycogen accumulation were evaluated (Fig. 8) . Irrespective of the stress conditions (ionic, non-ionic, osmotic and oxidative), the engineered strains always showed a higher glycogen content, while the biomass content was reduced with an increase in NaCl, sorbitol or H 2 O 2 concentration. As Synechocystis belongs to the group of moderately halotolerant cyanobacteria, the wild type Synechocystis grew in up to 100 mM NaCl concentrations without any significant reduction (P < 0.05) in biomass (1.4 g l -1 ); however, the biomass was reduced to 1.3 and 1.1 g l -1 at 200 and 300 mM NaCl, respectively (Reed et al. 1985) . The overexpressing strains (~GCX,~GCAX and~GCAX-ÁBK) showed a slight reduction in biomass with an increase in NaCl concentration from 100 to 300 mM, whereas the knockout strain (ÁBK) showed a drastic decrease in biomass with an increase in NaCl concentration (Fig. 8A) . The lowest biomass concentration of 0.5 g l -1 was observed in the ÁBK strain, which indicates the importance of the PHB pathway for the cells to survive under stress conditions. On the other hand, the glycogen level was not improved in the wild type,~GCX and~GCAX, suggesting that the available glycogen and PHB are sufficient to resist stress conditions. On the other hand, the increase in NaCl concentration from 100 to 300 mM increases the glycogen content from 28.8% to 33.3% in ÁBK and from 44.1% to 49.4% in~GCAX-ÁBK strains. The improvement in glycogen content in ÁBK and GCAX-ÁBK strains is due to the physiological response to salt stress by the cells to synthesize glycogen as an alternative storage compound to PHB. The osmotic stress condition was evaluated by varying the sorbitol concentration from 100 to 300 mM. As can be seen in Fig. 8A and C, the wild type and engineered Synechocystis were more tolerant to sorbitol than to NaCl, both of which induce the accumulation of compatible solutes as reported for Synechocystis, plants and yeast (Ahmad et al. 1979 , Fulda and Hagemann 1995 , Shen et al. 1999 , Incharoensakdi and WaditeeSirisattha 2013 . The osmotic stress condition due to sorbitol at concentrations up to 200 mM did not affect the growth much in all tested strains (Fig. 8C) . However, when the concentration increased to 300 mM, a significant growth reduction was observed. In the wild type, the increase in sorbitol concentration from 100 to 300 mM decreases the biomass from 1.5 to 1.2 g l -1 , which is comparatively less harmful when compared with NaCl (Fig. 8A, C) . It has already been reported that Synechocystis can survive under a high external sorbitol concentration without the accumulation of glycogen, by the uptake of sorbitol which cannot be metabolized inside the cell (Ahmad et al. 1979 , Shen et al. 1999 ). However, the higher concentration of sorbitol affects the growth of Synechocystis due to its toxicity, which is in agreement with results obtained by Jantaro et al. (2003) . In the presence of excess reactive oxygen species, cells undergo various physical and biochemical changes, which lead to dysfunction of cells to balance the osmotic pressure imposed by the environment (Arora et al. 2006 ). The glycogen content was not improved in the wild type when the sorbitol concentration was increased, whereas it was increased from 38.2% to 48.0% in~GCAX-ÁBK. The results clearly indicate that the wild type can survive under sorbitol stress without accumulation of excess glycogen; however, the engineered strains with PHB knockout (ÁBK and~GCAX-ÁBK) show a significant improvement in glycogen accumulation under sorbitol stress, which leads to the conclusion that the cells with PHB pathway knockout can synthesize more glycogen under sorbitol stress conditions. H 2 O 2 is a well-known oxidant, which can produce more reactive oxygen species; however, Synechocystis produces the enzyme system, catalase and glutathione peroxidase, to neutralize the H 2 O 2 . Apart from these enzymes, there are various genes differentially expressed in response to H 2 O 2 stress conditions (Li et al. 2004) . To analyze the influence of H 2 O 2 on biomass concentration and glycogen accumulation, the H 2 O 2 concentration was varied from 1 to 3 mM in the extracellular medium. As shown in Fig. 8E , the biomass content was drastically reduced in wild-type and PHB knockout strains upon H 2 O 2 addition to the medium, while the overexpressing strains showed a tolerance level up to 1 mM H 2 O 2 . The glycogen level was not considerably improved in the wild type,~GCX and GCAX upon treatment with various H 2 O 2 concentrations, which indicates that the contents of PHB and glycogen in the wild type,~GCX and~GCAX are sufficient to tolerate the stress conditions (Fig. 8F) . On the other hand,a higher biomass concentration was observed in overexpressing strain~GCAX as compared with the~GCAX-ÁBK strain, indicating the role of PHB synthesis for abiotic stress resistance. The increase in H 2 O 2 concentration increases the glycogen accumulation from 38.2% to 54.0% when compared with the control, and the maximum content of 54.0% glycogen was observed in~GCAX-ÁBK at 3 mM H 2 O 2 , which signifies that the inactivation of the PHB synthesis pathway led to an enhanced glycogen accumulation. In conclusion, the PHB pathway knockout is crucial for enhanced glycogen accumulation in Synechocystis cells particularly under abiotic stress conditions.
Materials and Methods
Materials
All the standard chemicals used were purchased from Sigma-Aldrich, and the nucleotide bases were purchased from Fermentas. Taq polymerase, ligase and restriction enzymes (XbaI, SpeI, PstI and BmtI) were purchased from Fermentas. The kits used for plasmid extraction and PCR purification were obtained from Geneaid Biotech Ltd. Synthesis of oligonucleotides and the sequencing of nucleotides were performed by Pacific Science Co. Ltd., Thailand. The vectors such as pGEM-T easy and pUC4K were standard commercial products, and the pEERM vector is a kind gift from Professor Peter Lindblad, Uppsala University, Sweden.
Microorganisms and cultivation conditions
Synechocystis sp. PCC 6803 (Pasteur Institute) was propagated on BG-11 agar medium (Rippka et al. 1979, Monshupanee and . The wild-type strain was cultivated in 250 ml Erlenmeyer flasks containing 100 ml of BG-11 medium buffered with 20 mM HEPES (pH 7.5) under continuous illumination of 100 mE m -2 s -1 at 28 ± 1 C with atmospheric CO 2 supply and shaking at 160 r.p.m. The commercial microorganism Escherichia coli DH5a was cultivated in LB medium at 37 C and 250 r.p.m.
Plasmid construction
All the primers used and the plasmids constructed are presented in Supplementary Tables S1 and S2 , respectively. The expression vector pGCX was constructed by insertion of the glucose-1-phosphate adenylyltransferase gene (glgC: slr1176) into the pEERM vector under the control of the psbA promoter. Amplification of glgC was carried out with the primers 1176 F and 1176 R using the genomic DNA of Synechocystis as a template. One of the endogenous genes encoding glycogen synthase, sll0945, was selected as an overexpression gene. The other gene, sll1393, was not selected due to the fact that both the genes contribute equally to the synthesis of glycogen in Synechocystis (Grundel et al. 2012) . The gene was amplified with the primers 0945 F and 0945 R using the genomic DNA of Synechocystis as a template which was further inserted into the pGCX vector. The plasmid pBK was constructed by insertion of the PHA-specific b-ketothiolase gene (phaA: slr1993) into the pGEM-T easy vector. The gene phaA was amplified with primers 1993 F and 1993 R using the genomic DNA of Synechocystis as a template. Inactivation of phaA was carried out by insertion of a 0.92 kb kanamycin resistance cassette from the pUC4K vector into the pBK construct resulting in plasmids with kanamycin resistance. The kanamycin-resistant gene was amplified with primers KMF and KMR using the pUC4K vector as a template. The schematic representation of constructs and electrophoresis of PCR products are shown in Supplementary Fig. S2 .
Construction of engineered strains
The E. coli DH5a strain was used for routine propagation of all plasmid constructs and was cultivated in LB medium containing antibiotics at the appropriate concentration. The plasmid constructs into E. coli DH5a was transformed by heat shock transformation and the amplified plasmids were extracted by Geneaid Biotech Ltd. after overnight cultivation. The construction of engineered Synechocystis was performed by natural transformation. Briefly, approximately 10 9 Synechocystis cells were resuspended in 100 ml of fresh BG-11 medium and then 2.5 mg of plasmid DNA was added into the cell suspension. The mixture was incubated at 27 C under low light for 6 h and was spread on a plate containing appropriate antibiotics for selection. After about 2 weeks of incubation, the single colonies were isolated and subcultured for at least six generations. After full segregation was achieved, the strains were verified by RT-PCR techniques using PSBA2 forward and reverse primers as well as a genespecific primer for the antibiotic cassette. The engineered strains developed in this study are glgC overexpression (~GCX), glgC/glgA overexpression (~GCAX), phaA (PHB synthesis) knockout (ÁBK) and glgC/glgA overexpression with phaA knockout (~GCAX-ÁBK). The engineered strains were maintained in BG-11 medium containing appropriate antibiotics such as ampicillin (30 mg ml -1 ), chloramphenicol (30 mg ml -1 ) and kanamycin (50 mg ml -1 ) (Kanwal et al. 2015) .
Characterization of the wild type and engineered strains
The wild type and engineered strains of Synechocystis were cultured [initial optical density (OD) $0.06 at 730 nm] in 250 ml Erlenmeyer flasks containing 100 ml of BG-11 medium (pH 7.5) with a continuous illumination of 100 mE m -2 s ) cycles were performed for 3 d with 12 h sequential treatment. To analyze the abiotic stress responses of Synechocystis, the cells were exposed to ionic stress (NaCl: 100, 200 and 300 mM), osmotic stress (sorbitol: 100, 200 and 250 mM) and oxidative stress (H 2 O 2 : 1, 2 and 3 mM). The cells were harvested after 20 d of cultivation by centrifugation at 6,000Âg for 10 min at room temperature. The harvested cells were vigorously mixed with 500 ml of 70% methanol by vortex mixer. The mixture was incubated for 2 h at room temperature and then centrifuged at 6,000Âg for 10 min at 4 C. The supernatant was collected and dried in a vacuum evaporator at 40 C. The pellet left after drying was dissolved and mixed thoroughly in 250 ml of water and 50 ml of chloroform followed by centrifugation at 6,000Âg for 10 min (Kanwal et al. 2014 , Ishikawa et al. 2016 . The uppermost water phase (200 ml) was collected, and filtered through a 0.45 mm Millipore filter before the analysis of various metabolites by HPLC.
Transcript analysis by RT-PCR
The wild type and engineered strains were grown in 250 ml Erlenmeyer flasks containing 100 ml of BG-11 medium (pH 7.5) until the late log phase of growth (OD 730 = 0.7-0.8). Cells were harvested by centrifugation at 2,500Âg for 10 min at 25 C. Total RNA was extracted by using the GenUP TM total RNA mini kit (biotechrabbit). After DNase (Fermentas) treatment, single-stranded cDNA was synthesized from 1 mg of total RNA with the RevertUP TM reverse transcriptase (biotechrabbit), according to the manufacturer's instructions. RT-PCR of cDNA of glgC, glgA and 16 s (reference gene) was performed using primer sequences as mentioned in Supplementary Table S1 . The PCR conditions consisted of: denaturation at 94 C for 5 min, followed by 20 cycles of 94 C for 30 s, annealing temperature of 55 C for 1 min and 72 C for 20 s, and then a final extension at 72 C for 3 min. The PCR product was analyzed using a 0.8% (w/v) agarose gel electrophoresis system (Kanwal et al. 2014 ).
Analytical methods
Intracellular pigments of the Synechocystis cell suspension were extracted by dimethylformamide. Chl a content was determined according to the methods of Moran (1982) . The DCW of the biomass was determined by oven drying of the samples at 70 C until constant weight was obtained. A Clark-type oxygen electrode was employed for oxygen evolution measurement following the user manual (Hansatech) at 30 C (Jantaro et al. 2005) . PHB measurements were performed by an HPLC system (Shimadzu) equipped with an InertSustain 3 mm C18 column (GL Sciences) and the UV/Vis detector described previously (Monshupanee and Incharoensakdi 2014) . The estimation of glycogen was performed as previously described (Velmurugan and Incharoensakdi 2016) . The sugar contents were quantified using an HPLC system equipped with a refractive index detector (RID 10 A, Shimadzu). Metabolic intermediates such as acetate and succinate were quantified using HPLC equipped with a UV/Vis detector (SPD-20A, Shimadzu). The components were separated on a Phenomenex, Rezex ROA-Organic acid column (150Â7.8 mm) with 5 mM H 2 SO 4 as a mobile phase at a flow rate of 0.6 ml min -1 (Velmurugan and Incharoensakdi 2017) .
Statistical analysis
All experiments were performed in triplicate and the average values are reported. The average and SD values were calculated using the respective functions (AVERAGE, STDEV) available in Microsoft Excel, and the maximum difference among the three values was <5% of the mean. The statistical differences were calculated according to Duncan's multiple range test at P 0.05.
Supplementary Data
Supplementary data are available at PCP online. 
